This paper reports a phenotypic characterization of ggpl mutants. The cloned GGPI (GAS)) gene, which encodes a mawjor GPI-anchored glycoprotein (gpllS) 
analysis of the null mutants reveals a reduction in the growth rate of 15 to 40%. Cells are round, with more than one bud, and extensively vacuolized. In the stationary phase, mutant cells are very large, arrest with a high percentage of budded cells (about 54 and 70%o for haploid and diploid null mutants, respectively, in comparison with about 10 to 13% for control cells), and have reduced viability. The observed phenotype suggests defects in cell separation. Flow cytometric analysis of DNA reveals an increase in the fraction of cells in the G2+M+G1* compartment during exponential growth. Conjugation and sporulation are not affected.
The exocellular location of gpll5 led us to examine cell wall properties. Cell wall and septum ultrastructure of abnormally budded cells was analyzed by electron microscopy analysis, and no appreciable differences from wild-type cells were found. Microscopic analysis revealed an increase in chitin content and delocalization. In comparison with control cells, ggpl null mutants are shown to be resistant to Zymolyase during the exponential growth phase. A fivefold overexpression of gpll5 does not bring about any effects on cell growth parameters and cell wall properties.
Several proteins of mammalian cells and protozoa have been found to be anchored to the cell membrane by means of a complex glycolipid containing inositol (GPI) attached to the COOH-terminal amino acid (4) . The only common feature of these proteins is their localization on the cell surface. Their functions can be very different. Some are hydrolytic enzymes, for instance, alkaline phosphatase or acetylcholinesterase; others are adhesion molecules, coat proteins, or simply antigens of unknown function (10) . In mammalian cells, GPI proteins could be involved in signal transduction and activation of mitogenesis (13) . It has been proposed that diacylglycerol released by GPI could activate protein kinase C. Several observations suggest that in T lymphocytes, GPI proteins could bind to soluble or cellular ligand and, exploiting their high lateral mobility, interact with the integral membrane proteins involved in the formation of transduction complexes (17) .
Anchoring by GPI also occurs in Saccharomyces cerevisiae. Biochemical evidence of its presence in the 125-kDa (2) and gpllS (22) glycoproteins has been obtained. The amino acid sequences deduced from the respective cloned genes, GAS) and GGPI, have indicated that these two proteins are identical (11, 20) . On the basis of the existence of a C-terminal hydrophobic extension, other possible GPI proteins are the products of KRE1, a glucan synthase (1); of AGao and AGal, the a and a agglutinins, respectively (9, 16); and of YAP3, an aspartyl protease (3) . The function of the GGPJ (GAS1) gene product is still unknown. No significant homologies to products of known function have been found. In this * Corresponding author.
paper, we describe a phenotypical characterization of the disrupted strains.
MATERIALS AND METHODS
Strains, plasmids, and growth conditions. The S. cerevisiae haploid strain GRF18 (AL4Ta his3-11,15 leu2-3,112) was kindly provided by A. Hinnen (CIBA-GEIGY, Basel, Switzerland). The diploid strain NG18 (MA Ta/AL4Ta +Imet6 leu2-3,1121leu2-3,112 his3-11,15his3-11,15) was kindly provided by M. Baroni (Universita degli Studi di Milano, Milan, Italy). Strain 6075/5C (MA Ta leu2-1) was provided by M. L. Agostoni (Universita degli Studi di Milano). Escherichia coli JM101 [A(lac pro) thi strA supE endA sbcB hsdR F' traD36 proAB lac-19 lacZAM15] was the host strain for recombinant DNA manipulations. Yeast cells were grown in batches at 30°C in Difco yeast nitrogen base (YNB) medium (6.7 g/liter) containing 2% glucose and supplemented with the required amino acids. The cell number, volume distributions, and percentage of budded cells were determined as previously described (23) . Solid presporulation and sporulation media were prepared as previously described (19) .
DNA manipulations and yeast genetic techniques. Standard procedures were used for recombinant DNA manipulations (7, 17) . Null mutants were constructed by the one-step replacement procedure (15 investigate the possible functions of gpll5, null mutants were generated by one-step disruption of the chromosomal GGP1 gene in Leu-haploid (GRF18) and diploid (NG18) strains. Southern analysis confirmed the gene replacement at the GGP1 locus in GRF18 transformants (20) and the integration of LEU2 at the GGPJ locus in one or both GGP1 alleles in diploid Leu+ cells (data not shown). Immunoblot analysis of total protein extracts with anti-gpll5 antibodies further confirmed that neither gpllS nor a truncated form of it is produced by the homozygous diploid strains, whereas gpll5 is present in the cells heterozygous for the disrupted gene (data not shown).
The ability of the null mutants to survive indicates that the GGP1 gene is not essential for cell viability. We have further analyzed the phenotypes of these cells. Table 1 (Fig. 1A and B) , and budded cells often appear with two buds (Mickey Mouse-like appearance) or produce a secondary bud from the primary one (Fig. iB,   inset ). The increase in the mean cell volume of log-phase cells is about 1.6-fold, as determined by analysis of cell volume and cell protein content distributions (data not shown). Upon entry into the stationary phase, the mutant phenotype becomes more evident. Cells become very large, highly vacuolated, and granulated and often carry more than one bud, thus appearing as clumped cells which cannot be disaggregated by prolonged sonication (Fig. 1D) . This suggests that most of the cells originated from mother-daughter pairs that did not complete cell separation. In agreement with the reduced cell viability, microscopic examination reveals the presence of cells permeable to eosin (data not shown).
The chitin distribution was examined by Calcofluor staining. As shown in Fig. 1E and F, a brighter fluorescence was observed on the cell surface of many mother cells in the haploid GD3 strain compared with control cells. This could be ascribed to an increase in the amount of chitin present in the cell wall. A fraction of cells with a bright fluorescence inside them is also present; these cells are often the big ones with two buds that probably are unviable and become permeable to the dye. The diploid ND2 strain behaves similarly to GD3, with a marked loss of the typical ellipsoidal shape (Fig. 1H) Fig. 2B . These results suggest that the absence of the GGP1 gene product affects cell morphogenesis and has partial effects on the separation of the bud from the mother cell.
Analysis of cell wall properties. Since gpllS is an exocellular glycoprotein and cell morphology is primarily controlled by the glucan layer, we searched for possible effects of GGPI gene disruption on cell wall properties. We assayed the susceptibility to Zymolyase (P1--3 glucanase) of cells collected during exponential growth. At a Zymolyase concentration of about 25 U/ml, the half-life of spheroplast lysis, determined as the time required for a 50% decrease in A660, was about 8 to 10 times higher for null mutants than for control cells (data not shown). At a lower concentration of enzyme (12.5 U/ml), ggpl cells were almost completely resistant to Zymolyase, whereas the control strain was still very sensitive (Fig. 3) . This phenotype cosegregates with the gene disruption. In fact, spores obtained by tetrad analysis from the heterozygous diploid obtained from the cross GD3 x 6075/SC were tested, and those carrying the gene disruption were resistant to Zymolyase. An example of this class of spores is the GD3-4 spore (Fig. 3) . The same effect was found in the diploid strain ND2, while the heterozygous We also examined the effects of gpllS overexpression. When the GGPJ gene is present on a multicopy YEp24 plasmid, the gpllS level increases fivefold (20) . We have not found any relevant changes in growth rate, budding index, morphology, or cell wall properties under these conditions. Electron microscopic analysis. To detect differences between strain GRF18 and the ggpl mutant, electron microscopic observations were performed. We paid particular attention to the cell wall, septum, and bud scar organization. In the wild type, the neck region between mother and daughter cells contained an electron-transparent region, corresponding to the amorphous layer of the glucans, limited by a thin electron-dense layer. The strong reaction after the PATAg reaction for polysaccharide location (Fig. 4A) is consistent with the mannoprotein nature of this layer (25) .
The mutant GD3 had a comparable cytological organization. Cells were larger, with two buds separated by electrontransparent septa of normal structure (Fig. 4B) . No remarkable alterations of cell wall structure were present in the disrupted strain. These observations suggest that cell separation rather than the organization of the septa is affected by the mutation.
When thin sections were stained with WGA-colloidal gold to determine the distribution of chitin, some important differences between the two strains were observed. In the wild type, colloidal gold granules were mostly detected in the neck region (Fig. 4C) , where they filled up the electrontransparent layer, and over the scar (data not shown). When the cells were treated with WGA-FITC, most of the cells were fluorescent in the scar and in the neck regions, as indicated in the inset of Fig. 4C . Mutant cells were strongly labelled over the cell wall by the WGA-colloidal gold (Fig.  4D) . Labelling was particularly evident over the inner part of the wall in the freeze-substituted samples (data not shown). In this case, WGA-FITC reaction led to a more diffuse and intense staining all over the wall (Fig. 4D, inset) and revealed the presence of totally fluorescent cells, which were probably dead cells. 
DISCUSSION
Our work has been focused on the effects of disruption of the GGPJ gene, which encodes gpllS, an abundant GPIanchored glycoprotein of the yeast plasma membrane. This protein had been initially identified because its synthesis was induced during the release from cell cycle arrest in early G1 phase (12) . The synthesis of gpllS has been found to be correlated with the growth of yeast cells (24) and stimulated by cyclic AMP (5) . The precursor of gpllS is a 60-kDa protein extensively modified by N and 0 glycosylation and addition of GPI (20, 22) disruption. This phenotype has also been observed in our laboratory in the haploid strain W303-1B after GGPI gene disruption, and it is rescued by a centromeric or multicopy plasmid carrying the wild-type gene (data not shown). The mutant phenotype is enhanced under conditions of nutrient limitation. To rule out the possibility that this behaviour reflects differences in histidine starvation and leucine starvation between the parental strain (his3 leu2) and the disrupted strains (his3 LEU2), we examined segregants (HIS3 LEU2) obtained by tetrad analysis of the heterozygous diploid (GD3 x 6075/SC) and found that the mutant phenotype was still present (data not shown).
The electron microscopic examination of cell wall ultrastructure reveals a regular organization (25) . This suggests that gpllS does not play a major role in synthesis of the cell wall polymers or in septum formation. In the case of the KREJ gene, which is involved in ,B1-36 glucan synthesis, marked alterations of the wall ultrastructure have been detected in mutant cells by conventional electron microscopy analysis (1). Although it is an indirect measure, the finding that resistance to KT is unaffected is another indication that the level of I1-36 glucan, the major polymer of the yeast cell wall, is not modified in ggpl cells.
An increase in the amount of chitin has been found in ggpl cells. This is known to also occur during cell cycle arrest and is probably due to continuous production of chitin by ChsIII (18), the enzyme responsible for the synthesis of cell wall chitin. Alternatively, the increase could be due to a reduced activity of an endochitinase, which could also explain the partial defects in cell separation. However, no similarity in amino acid sequence has been found with the cloned endochitinase gene or with the S. cerevisiae chitin binding domain (8) . Our data do not rule out the possibility that the chitin increase is an indirect effect. In fact, it has been proposed that the chitin increase could be a defense mechanism against lysis (6) or that it could be a generalized response to sickness of the cells. Generally, resistance to Zymolyase is a typical property of stationary-phase cells. Unexpectedly, ggpl mutants show this feature during the exponential phase under treatment with reducing agents, which rules out any effects of accessibility to the enzyme due to the mannoprotein layer. This indicates alterations in the composition or arrangement of glucans and chitin similar to those that occur in stationaryphase cells. A more rigid cell wall could be responsible for the effects on cell separation. In wild-type strains, gpllS is present during the exponential growth phase; it is absent from long-term stationaryphase cells because of inhibition of its synthesis (5) and because it progressively degrades. It is interesting to note that in this physiological condition, the absence of gpllS is also related to the acquisition of resistance to Zymolyase.
Further hints on the role of gpllS could come from the cloning and sequencing of related genes that have been detected by Southern hybridization in other lower eukaryotic and plant cells (21) . A possible common role in growing cells endowed with cell walls can be envisaged.
